Pseudomonas aeruginosa produces several phenazines including the recently described 5-methylphenazine-1-carboxylic acid (5MPCA), which exhibits a novel antibiotic activity towards pathogenic fungi such as Candida albicans. Here we characterize the unique antifungal mechanisms of 5MPCA using its analogue phenazine methosulphate (PMS). Like 5MPCA, PMS induced fungal red pigmentation and killing. Mass spectrometry analyses demonstrated that PMS can be covalently modified by amino acids, a process that yields red derivatives. Furthermore, soluble proteins from C. albicans grown with either PMS or P. aeruginosa were also red and demonstrated absorbance and fluorescence spectra similar to that of PMS covalently linked to either amino acids or proteins in vitro, suggesting that 5MPCA modification by protein amine groups occurs in vivo. The redpigmented C. albicans soluble proteins were reduced by NADH and spontaneously oxidized by oxygen, a reaction that likely generates reactive oxygen species (ROS). Additional evidence indicated that ROS generation precedes 5MPCA-induced fungal death. Reducing conditions greatly enhanced PMS uptake by C. albicans and killing. Since 5MPCA was more toxic than other phenazines that are not modified, such as pyocyanin, we propose that the covalent binding of 5MPCA promotes its accumulation in target cells and contributes to its antifungal activity in mixed-species biofilms.m mi_7414 1379..1392
Introduction
A significant proportion of human microbial infections are biofilm-associated (Douglas, 2003; Lynch and Robertson, 2008) , and many of these biofilms are formed by multiple microbial species. It has been demonstrated that in mixed-species biofilms containing bacteria and fungi, a range of different interactions can occur, including increased resistance to antimicrobials, enhanced surface colonization and interspecies antagonism (Shirtliff et al., 2009; Morales and Hogan, 2010; Peleg et al., 2010) . Interestingly, the nature of these interspecies interactions can determine the fate of the microbial populations within these biofilms (Lynch and Robertson, 2008; Shirtliff et al., 2009) and thus probably the outcome of polymicrobial diseases. Some interspecies interactions may only occur in a biofilm setting due to the lability of secreted compounds or the need for high local concentrations of microbial products for activity. Analysis of the antagonistic relationship between the human opportunistic pathogens Pseudomonas aeruginosa and Candida albicans (Kerr, 1994; Hogan and Kolter, 2002; Cugini et al., 2007; Brand et al., 2008; Gibson et al., 2009) , two species commonly found together in mixed species biofilm-related infections (Hughes and Kim, 1973; Bauernfeind et al., 1987; Gupta et al., 2005; Chotirmall et al., 2010) , has provided insight into the many different types of interactions occurring between species coexisting in close proximity. These interactions include killing by secreted factors and signalling events that modulate virulence properties (Kerr, 1994; Hogan and Kolter, 2002; Hogan et al., 2004; Cugini et al., 2007; Brand et al., 2008; Gibson et al., 2009; Cugini et al., 2010) .
Bacterially produced phenazines have been known for their toxicity towards other bacteria (Hassan and Fridovich, 1980; Baron and Rowe, 1981) and eukaryotes ranging from nematodes to humans (Thomashow et al., 1990; Kerr et al., 1999; Mahajan-Miklos et al., 1999; Ran et al., 2003; Lau et al., 2004a; Mavrodi et al., 2006) . Phenazine production by Pseudomonads has been demonstrated to be particularly important in interactions with fungi (Thomashow and Weller, 1988; Anjaiah et al., 1998; Bolwerk et al., 2003) . For example, Pseudomonas chlororaphis colonizes and forms biofilms on the phytopathogen Fusarium oxysporium, and contributes to fungal biocontrol by secreting phenazine-1-carboxamide (Bolwerk et al., 2003) . P. aeruginosa secretes two additional phenazines, phenazine-1-carboxylate (PCA) and pyocyanin (PYO) (Fig. 1A ), which also have been shown to antagonize fungal growth (Thomashow et al., 1990; Kerr et al., 1999) . We have recently demonstrated that in P. aeruginosa-C. albicans co-cultures, P. aeruginosaproduced 5-methyl-phenazinium-1-carboxylate (5MPCA; see Fig. 1A for structure) induces fungal death more efficiently than PCA or PYO (Gibson et al., 2009) . Notably, this death is associated with the development of a red pigmentation and intracellular fluorescence of C. albicans cells (Gibson et al., 2009) . While 5MPCA has been previously described as a putative precursor of PYO (Fig. 1A) , a biological role for this phenazine has been poorly described since it has not been found to accumulate in the medium of P. aeruginosa monocultures (Byng et al., 1979) .
Here, we describe the elements that make 5MPCA a potent antifungal toxin and the properties that make this methylphenazinium particularly effective in bacterialfungal biofilms. We found that phenazine methosulphate (PMS), a commercially available and well-characterized methylphenazinium (Fig. 1B) , could be used as a powerful surrogate for P. aeruginosa-produced 5MPCA, which is relatively unstable under physiological conditions (Hansford et al., 1972) . We show evidence for 5MPCA and PMS uptake by C. albicans over time, and that the metabolic activity and reducing conditions within colony biofilms facilitate this uptake. PMS and 5MPCA were concentrated within the fungal cell and the accumulation of this phenazine is due to its covalent binding to cellular amines within the fungus, to yield red species. Our results show that this covalent modification does not alter the redox activity of methylphenaziniums, a chemical property that allows methylphenaziniums or their red derivatives to generate reactive oxygen species (ROS). In fact, we detected intracellular ROS at early time points upon exposure to methylphenaziniums, and mutants sensitive to oxidative stress were more susceptible to killing by these compounds. We found that if this chemical modification of PMS occurs outside the fungal cell, the PMS red derivative neither induced the formation of the cell-bound red pigment nor was toxic to C. albicans, although its redox activity was retained. We propose that the permanent localization of these red methylphenazinium derivatives within the cell allows for the constant generation of toxic levels of ROS, and together with other consequences of modification of cellular macromolecules, lead to efficient fungal killing. Finally, we show that PYO, the well-characterized P. aeruginosa toxin, was not modified, did not accumulate within fungal cells, and was less toxic than 5MPCA. Together, our data indicate that the unusual chemical reactivity of 5MPCA contributes to its concentration within fungal cells, where it retains toxic activity. 5MPCA therefore represents a particularly useful antifungal within mixed-species biofilms where producer and target cells are in close proximity.
Results

PMS and 5MPCA induce red pigmentation and death of C. albicans
When C. albicans lawns are spot inoculated with P. aeruginosa wild-type (WT), such as strain PA14, a red, phenazine-derived pigmentation is detected ( Fig. 2A ) (Gibson et al., 2009) . Previous studies indicate that the production of 5MPCA by P. aeruginosa is both necessary and sufficient for C. albicans red coloration and death (Gibson et al., 2009) . Since the availability of 5MPCA is limited due to the fact that it has not been found to accumulate in P. aeruginosa monoculture supernatants (Byng et al., 1979) , and its chemical synthesis is difficult (Hans- A. Biosynthetic pathway for P. aeruginosa PYO and its immediate precursors. B. Chemical structure of PMS, a 5MPCA analogue (only the 5-methyl-phenazinium ion is shown).
ford et al., 1972), we tested PMS (Fig. 1B) as a structural analogue that would allow us to study the mechanisms of 5MPCA activity towards C. albicans. Similar to what was observed in C. albicans-P. aeruginosa co-cultures ( Fig. 2A and Gibson et al., 2009) , C. albicans grown on agar containing PMS, which is yellow in these medium conditions, developed a red coloration that increased over time (Fig. 2B ). In addition, C. albicans cells within PMSgrown colony biofilms were killed, while controls cultured without PMS retained full viability (Fig. 2C) .
Phenazines are well known for their different spectral properties in their oxidized and reduced states (PriceWhelan et al., 2007) . Consistent with the hypothesis that the red pigmentation of C. albicans is directly derived from the redox active molecule, PMS, a suspension of cells from colonies grown on PMS-containing medium became colourless upon the addition of the strong reducing agent, sodium hydrosulphite (Na 2S2O4), and their redness was restored after adding the oxidizing agent, hydrogen peroxide (H2O2) (Fig. 2D) . The effects of the reduction or oxidation of the cell suspension were repeatedly reversible. Notably, these redox changes exhibited by PMS-grown C. albicans were identical to those observed for the red fungal cells from co-cultures with P. aeruginosa (Gibson et al., 2009) . Taken together, these data indicate that PMS closely recapitulates the effects that 5MPCA induces in C. albicans.
Methylphenaziniums form redox active, red derivatives via covalent binding to amino acids
Since the red coloration of fungal cells induced by 5MPCA and PMS ( Fig. 2A and B) remained associated with whole cells or cell lysates despite extraction with aqueous or organic solvents (Gibson et al., 2009 and data not shown), we hypothesized that these methylphenaziniums are modified within cells. Based on the early observation that yellow PMS forms a red derivative with an amine group fused to carbon 2, amino-PMS (2-amino-10-methyl phenazinium methyl sulphate), upon treatment with strong ammonia (Kehrmann and Havas, 1913) , we postulated that amino-containing compounds within the fungal cells could participate in a similar type of reaction with PMS. To test this hypothesis, we first determined if PMS could be modified in vitro by amino acids. Upon mixing the PMS with excess arginine-free base under alkaline conditions (pH 10.0), a strong wine red colour developed over a 5 min period of vigorous mixing in air. When we used physiological conditions (pH 7.5) to perform the reaction with arginine, PMS required reduction with Na 2S2O4 prior to amino acid addition, and red colour development proceeded slowly over 24 h. Analysis of the red-coloured product by mass spectrometry identified a molecular mass ion at 367.2, which corresponds to the mass of the covalent adduct of PMS with arginine 
albicans.
A. Plate co-cultures of C. albicans lawns inoculated with P. aeruginosa PA14 WT or without P. aeruginosa (control) after 24 and 48 h of incubation. B. C. albicans colonies grown at 30°C on YNBA medium with or without (control) 1 mM PMS. The PMS-supplemented medium remained yellow throughout the experiment. C. C. albicans viability was determined by methylene blue staining of samples collected at the indicated time points after growth on either control or PMS medium (n = 2). D. C. albicans grown for 72 h on 1 mM PMS-containing medium was suspended in saline solution and then photographed after the addition of few crystals of Na2S2O4, 10 ml of 30% H2O2 or without treatment. Data are representative of three independent experiments. (Fig. 3A) . The mass of this adduct is consistent with the attack of the amine group of arginine on the phenazinium ring (Fig. 3A, inset) . Moreover, the red product was water soluble and had other spectral properties similar to those previously described for amino-PMS (Kehrmann and Havas, 1913) , leading us to predict that this covalent modification is most likely occurring at the C-2 position as in amino-PMS (Fig. S1A ). Other amino acids also covalently modified PMS, giving rise to PMS-lysine (MW 339.2; Fig. 3A ), PMS-alanine (MW 282.1) and PMSserine (MW 298.1), and this reaction was dependent on the presence of the reducing agent Na 2S2O4 (see Supporting information for details). To test if this chemical modification could occur in the presence of more complex amino-containing compounds, such as proteins, we mixed reduced PMS with an excess of bovine serum albumin (BSA). A similar red product was formed, which exhibited the same visible absorption spectrum as described below for the PMS-arginine derivative (data not shown) (see Supporting information for details).
These chemical findings suggested a mechanism whereby PMS and 5MPCA could be modified within the fungus by cellular amines within macromolecules. To test if in vivo modification of the cellular amines by methylphenaziniums would yield red proteins within the fungus, we recovered the soluble fungal proteins from C. albicans grown with or without PMS, or co-cultured with three P. aeruginosa strains: WT, phzS::TnM (a 5MPCA overproducer) or phzM::TnM (5MPCA-deficient) (Fig. 1A for pathway containing phzM or phzS). Soluble proteins from fungal cells exposed to 5MPCA-producing P. aeruginosa or PMS showed a red coloration in suspension (Fig. 3B) , and this pigmentation was not observed in control cultures (Fig. 3B ). Trichloroacetic acid (TCA) precipitation of the proteins found that the red coloration was associated with the pellet, suggesting that 5MPCA and PMS were protein associated (data not shown). The redsoluble proteins from C. albicans cells exposed to P. aeruginosa WT and phzS::TnM strains during co-culture conditions exhibited an intense absorption at 520 nm in the visible spectrum that was absent in proteins from C. albicans grown with the phzM::TnM strain (Fig. 3C) , and this spectral profile was identical to that for PMS-arginine and PMS-modified BSA. The methylphenazinium modifi- . To minimize artifacts caused by turbidity, these latter spectra were obtained from the difference of the reduced (by adding 80 mM of Na2S2O4) minus the oxidized spectrum of each extract. D. Redox changes of absorption spectra of the red SP extracted from C. albicans cocultured with P. aeruginosa WT in its oxidized form (Ca-Pa WT) and after reduction with 2 mM NADH or 80 mM Na2S2O4, and followed by reoxidation with 280 mM H2O2.
cation of proteins is likely occurring via a covalent linkage as prolonged treatment of C. albicans red-soluble proteins with strong denaturants (8 M urea or 6 M guanidinium chloride) did not dissociate the red pigmentation of the protein fraction even after TCA precipitation (Macheroux et al., 1998) . Likewise, PMS-modified BSA retained its red pigmentation upon treatment with urea (data not shown). Together, these data provide evidence for an intracellular covalent modification of proteins by methylphenaziniums that yields red derivatives within the fungal cells.
Whole C. albicans cells from co-cultures with P. aeruginosa (Gibson et al., 2009) or from colonies grown with PMS showed that the red pigmentation was redoxdependent ( Fig. 2D) . Likewise, both the PMS-arginine and red-soluble proteins exhibited redox activity. PMSarginine was reversibly reduced to a colourless compound by Na 2S2O4 and re-oxidized upon aeration (Fig.  S2A ), and C. albicans proteins from co-cultures with P. aeruginosa WT (Fig. 3D ) or phzS::TnM ( Fig. S2B ) strains also demonstrated changes in the absorbance profile upon reduction with Na2S2O4 and NADH, or oxidation with H2O2. These data demonstrate that the modification of the methylphenazinium does not affect its redox activity.
Intracellular modification of methylphenaziniums is required for fungal killing
The red derivatives of 5MPCA formed within C. albicans were not detected in the extracellular milieu of P. aeruginosa-C. albicans co-cultures. We next determined whether methylphenazinium modification needed to occur within the cell, after fungal uptake, to efficiently induce red pigmentation, toxicity and fungal killing. To assess this, the in vitro synthesized red PMS-arginine derivative was added to C. albicans cultures and both pigmentation and cell viability were evaluated. While fungal cells grown in agar containing unmodified PMS developed red coloration and died (Figs 2B, 2C and S3A), C. albicans incubated with the in vitro-generated PMS-arginine compound did not develop red pigmentation and did not show a decrease in viability (Fig. S3A ). C. albicans cells suspended in buffer and treated with the PMS-arginine derivative in either its oxidized form or after reduction with Na 2S2O4 also remained viable during the course of the experiment and did not develop red pigmentation ( Fig.  S3B and data not shown). Together, these data indicate that methylphenazinium modification must occur within the fungal cells in order to correlate with killing.
Pyocyanin does not react with amino acids and is not modified within fungal cells
While the biological activity of 5MPCA has been poorly described, its derivative, PYO is a well-known toxin and antibiotic (Hassan and Fridovich, 1980; Lau et al., 2004b; Muller, 2009) . We have previously demonstrated that a P. aeruginosa phzS::TnM mutant, which lacks the ability to produce PYO but still makes 5MPCA (Fig. 1A) , kills C. albicans more efficiently than the WT strain, which secretes both 5MPCA and PYO (Gibson et al., 2009) . To compare the effects of PYO to the 5MPCA-analogue PMS on the fungus, we assessed the viability of C. albicans grown on medium containing either of these compounds. While PMS-grown fungal cells developed a stably associated red colour (Fig. 2B) , cells grown on PYO did not yield red pigmentation even after extended incubation times (data not shown). Furthermore, the fraction of inviable cells in the PYO-exposed C. albicans cultures (40 Ϯ 4.1%) was significantly lower than that of PMStreated cells (72 Ϯ 4.1%) after 72 h, indicating that under these colony biofilm conditions, PMS exhibits higher toxicity towards the fungus than PYO (Fig. S4A) . Importantly, mass spectrometry experiments showed that neither oxidized nor reduced PYO were modified in vitro by arginine (Fig. S4B ), lysine, alanine or serine as only the unreacted pyocyanin mass (MW 211.1) was detected. These data underscore the unusual properties of 5MPCA that enable its localization and concentration within the target fungal cells.
ROS generated by methylphenaziniums or their derivatives contribute to C. albicans killing
Other studies have shown that PMS (Ottaway, 1966; Nishikimi et al., 1972; Maridonneau-Parini et al., 1986) and other phenazines such as PYO (Hassan and Fridovich, 1980; Muller, 2002) , in their reduced forms, can rapidly react with oxygen to produce ROS, such as superoxide and, by dismutation of superoxide, H 2O2. Since the PMS-arginine derivative synthesized in vitro (Fig. S2A) , PMS-modified BSA, and the red-pigmented soluble proteins extracted from red cells of C. albicans (Figs 3D and S2B) demonstrated redox activity, we tested if fungal killing by methylphenaziniums or their derivatives was related to ROS generation. To measure intracellular accumulation of ROS at early time points, C. albicans cells from colonies grown for 18 h in presence or absence of PMS were treated with the ROS-detecting probe, dichlorodihydrofluorescein diacetate (DCFH-DA), and the green fluorescence indicative of intracellular ROS was measured using flow cytometry. We found that the fungal cells exposed to PMS exhibited higher fluorescence intensity than untreated control cells. As a positive control, cells from 18 h colonies grown on solid medium containing H 2O2 (Fig. 4A) or after a 1 h exposure to 10 mM H2O2 in liquid (not shown) also led to increased fluorescence relative to controls without H2O2, demonstrating that ROS can be detected intracellularly by DCFH-DA regardless of whether cells are grown in liquid or on solid media. Thus, these results demonstrate that methylphenaziniums or their derivatives generate ROS in vivo. It has been reported that when C. albicans is exposed to ROS, it induces the expression of enzymes (catalase) or scavengers (glutaredoxin and thioredoxin systems) that reduce the damage caused by oxidation (Barelle et al., 2004; Enjalbert et al., 2007) . To assess if there is induction of these ROS-responsive genes after exposure to PMSgenerated ROS, we measured the fluorescence of C. albicans CAI-4 strains harbouring the promoterless green fluorescent protein (GFP) fused to either CAT1 (catalase), TRX1 or TTR1 (thioredoxin system) promoter regions (Enjalbert et al., 2006) at early time points using flow cytometry. We found that for all ROS-responsive promoters evaluated, PMS exposure induced a marked increase in the levels of green fluorescence in comparison with untreated control cells (Fig. S5A) . Although a slight shift in the background fluorescence of the pGFP control strain harbouring GFP under control of the basal ADH1 promoter (Barelle et al., 2004) was observed upon treatment with PMS, the fold change in the mean fluorescence intensity of PMS treated versus untreated cells was much higher for the reporter strains (CAT1, 2.8; TTR1, 4.0 and TRX1, 4.2) than for the control pGFP strain (1.86) (Fig.  S5A) . As described in more detail below, we speculate that the background fluorescence is due to PMS. To confirm that these promoters effectively respond to oxidative stress, cell suspensions of the CAT1, TTR1 or TRX1 reporter strains were treated with H 2O2 for 2 h and then analysed by microscopy; all the promoter fusion strains evaluated exhibited an intense green fluorescence only after exposure to H2O2 and not in control cultures (Fig. S5B) .
To determine if the pigments derived from PMS or 5MPCA correlated with fungal cell death via ROS generation, we tested if a catalase-deficient mutant (cat1/cat1) that is unable to efficiently detoxify H2O2 is more sensitive to 5MPCA-PMS-mediated toxicity than its parental strain. Thus, C. albicans CU2 (WT) and its cat1/cat1 mutant derivative were cultured with or without PMS. Notably, after 72 h of growth on PMS-containing medium, C. albicans cat1/cat1 mutant developed a more intense red pigmentation in comparison to its parental strain (data not shown). Furthermore, through clonogenecity assays (Fig. 4B) and methylene blue viability analysis (Fig. S5C) , we demonstrated that C. albicans CU2 was approximately two-fold more resistant to PMS than the mutant lacking CAT1. No significant variation on proportion of dead cells was found in either of the strains cultured without PMS ( Figs 4B and S5C) . Interestingly, addition of the antioxidant rutin, a flavonoid that protects against lipid peroxidation and inhibits the generation of H 2O2 (Shcherbachenko et al., 2007) , caused a small but reproducible protection of both WT and cat1/cat1 cells against PMS-mediated red killing (data not shown). Consistent with the results obtained with the cat1/cat1 strain, mutants lacking HOG1 and CAP1, two proteins involved in oxidative stress responses (Enjalbert et al., 2006; Wang et al., 2006) , demonstrated approximately 1.5-fold more sensitivity to PMS than their parental strain in the methylene blue viability assay. Together, these results indicate that PMS or its red derivatives induce the generation of oxygen radicals, such as H 2O2, and that this process is one of the mechanisms that contributes to fungal killing. A. Effect of PMS on ROS generation in C. albicans cells determined by DCFH-DA staining. Cells were grown on YNBA with or without (control) 1 mM PMS, and with 10 mM H2O2 at 30°C. Fungal cells were harvested from colonies formed after 18 h growth, washed and incubated with DCFH-DA for 30 min. Green fluorescence was evaluated by flow cytometry. B. Clonogenecity of C. albicans CAT1/CAT1 (WT CU2) or cat1/cat1 grown on YNBA medium alone (control) and with 1 mM PMS for 72 h. Fungal survival was determined by counting the number of colonies grown (of 100 cells plated) on YPD medium after 3 days of incubation (n = 3) ***P < 0.01.
Modified methylphenaziniums exhibit fluorescence that correlates with 5MPCA-PMS uptake, modification and fungal killing
Pseudomonas aeruginosa 5MPCA induced a redox active intracellular fluorescence within C. albicans that was visible by microscopy (Gibson et al., 2009) , and a similar intracellular fluorescence was also observed in PMSexposed fungal cells (Fig. 5A) . Spectrofluorimetric analysis of PMS indicated that by itself it is not fluorescent (data not shown), but its derivative PMS-arginine exhibits fluorescence in the red emission wavelength range when excited at 488 nm (Fig. 5B) . This fluorescence was partially reduced upon addition of Na 2S2O4 (Fig. 5B) . The red proteins extracted from C. albicans grown with P. aeruginosa or on PMS-medium also exhibited this characteristic red fluorescence (Fig. S2C) , suggesting that the phenazinium-induced modification is responsible for the fungal intracellular fluorescence. These observations lead us to propose C. albicans intracellular fluorescence as a means for in vivo monitoring the uptake and modification of methylphenaziniums. We performed a time-course analysis of the PMS-induced intracellular fluorescence of C. albicans using flow cytometry. At early time points after PMS exposure, we found a population exhibiting intermediate (I) fluorescence (Fig. S6A) ; this population decreased over the course of 96 h, with a concomitant increase in a highly (H) fluorescent population ( Fig. 5C and Fig. S6A for time-course) . C. albicans co-cultured with P. aeruginosa demonstrated similar fluorescence profiles (Fig. S6B ). Since we found that methylphenaziniums modified in vitro (Fig. 5B ) and in vivo (Gibson et al., 2009 ) exhibited a maximal fluorescence in the oxidized state, we hypothesized that the highly fluorescent population (H) correlated with changes in the intracellular redox environment upon the cessation of metabolism, and was representative of cell death. To test this, C. albicans was grown on medium with or without PMS for 24 h and was analysed by flow cytometry before and after treatment with a strong reducing agent. We found that reduction was sufficient to shift the fluorescence intensity of the peak corresponding to the H population closer to the peak (Fig. 5D) . Consistently, heat treatment of PMS-grown cells led to increased fluorescence, likely due to the loss of a reducing environment within the fungal cells upon death (Fig. 5E ). Cell death alone was not sufficient to induce intermediate or high levels of fluorescence since C. albicans control cultures killed by heat treatment (Fig. 5E ) did not exhibit changes in fluorescence compared with untreated control cultures. Furthermore, cells from I and H populations were FACS-sorted and their viability was assessed. While 60 Ϯ 13.8% of cells exhibiting intermediate fluorescence formed colonies, virtually none of the cells in the highly fluorescent population were colony formers (Fig. 5F ). Hence, these results demonstrate that the intermediate levels of fluorescence are indicative of methylphenazinium uptake and modification, and that transformation of PMS precedes fungal death.
The microenvironment within colony biofilms promotes PMS-mediated killing
Evidence suggested that the environmental conditions within colony biofilms favour the lethal action of P. aeruginosa-derived 5MPCA or PMS. We found that during the first 24 h of PMS exposure, prior to the appearance of visible red pigmentation, a green emerald colour developed below C. albicans colonies (Fig. S7A) . This colour has been reported to correspond to a reduced semiquinoid form of PMS distinct from its fully reduced (colourless) or oxidized (yellow) species (Zaugg, 1964; Halaka et al., 1982) . Thus, we hypothesized that PMS reduction is occurring within the colony biofilms and is required for phenazinium uptake and modification by C. albicans. To test this idea, we measured by flow cytometry the fluorescence intensity of yeast cells sampled from colonies grown on YNBA agar and resuspended in saline solution containing oxidized or reduced PMS. Reduction of PMS by the reducing agent ascorbic acid (AA) was performed prior to C. albicans addition (Chayet et al., 1963; Konings et al., 1971; Garcia-Sancho and Herreros, 1983) . A bright green colour was observed upon addition of AA to the PMS-containing solution (data not shown), confirming the production of the semi-quinoid form under these weakly reducing conditions (Zaugg, 1964) . Interestingly, we found that prior reduction of this methylphenazinium by AA dramatically accelerated the appearance of intermediate cellular fluorescence (Fig. 6A) and detection of red coloration of fungal cells (data not shown). In addition, reduced PMS (PMS+AA) triggered a five log decrease in C. albicans viability as quickly as 8 h post exposure, while neither AA nor PMS alone had any toxic effect on fungal cells suspended in saline solution lacking any energy source to support metabolism (Fig. 6B) . These data suggest that reduction of PMS or 5MPCA markedly promotes uptake of these methylphenaziniums. Therefore, the conditions within oxygen-limited biofilms may enhance the antifungal activity of these methylphenaziniums and consequently, their toxicity.
Discussion
Our studies elucidate novel attributes that make P. aeruginosa 5MPCA potently toxic towards fungi, especially in environments such as bacterial-fungal biofilms. The striking antifungal properties of 5MPCA have remained poorly characterized since this phenazine is relatively unstable at neutral pH when chemically synthesized (Hansford et al., 1972) and it is not found in P. aeruginosa monoculture supernatants (Byng et al., 1979) . Here, we demonstrate that PMS is a powerful surrogate to study 5MPCA antifungal activity (Fig. 2) . PMS can be modified by amino acids in vitro (Fig. 3A) , and analysis of soluble fungal proteins extracted from C. albicans cultured either with PMS or P. aeruginosa indicate that these methylphenaziniums are covalently bound to proteins in vivo. The extracted red fungal soluble proteins showed similar spectral characteristics to those of the chemically synthesized red derivatives ( Fig. 3C and D, Fig. S2A and B) . Notably, the derivatives formed upon modification of PMS ( Figs 2B, 3A and B) or 5MPCA (Gibson et al., 2009) were fluorescent (Fig. S2C) , accumulated in the fungal cell and participated in C. albicans killing (Fig. 5) . In contrast, when modification occurred outside of C. albicans, the newly formed red compounds neither promoted the red pigmentation of fungal cells nor exhibited candicidal activity even in the presence of reducing agents (Fig. S3) , suggesting that the phenazines covalently bound to amino-containing compounds were not taken up by the fungus and that intracellular modification is an important requirement for toxicity and killing. Our proposed model summarizing these findings is presented in Fig. 7 .
The reduction of PMS and 5MPCA is important for both the uptake and modification of these methylphenazines. Within metabolically active fungal colonies, oxidized PMS was reduced (Fig. S7A) , perhaps due to the fungal secretion of small molecules with low redox potentials such as reduced riboflavin (Ksenzhek and Petrova, 1983; Worst et al., 1998) . These molecules may transfer electrons to extracellular PMS within the interior of the fungal colony. In co-culture biofilms, P. aeruginosa itself may also contribute to the reduction of its own excreted 5MPCA as it does with other secreted phenazines such as PYO (PriceWhelan et al., 2006; . We demonstrated that PMS reduction promoted uptake by C. albicans cells (Figs 6A and S7A) , possibly due to an increase in its lipophilicity as the reduction of PMS makes it less soluble in aqueous solutions (Zaugg, 1964) and enhances its uptake across cell membranes (French et al., 1973; Bisschop et al., 1979) . Our in vitro chemical studies showed that reduction of PMS is also required for spontaneous chemical conversion to red derivatives that are covalently linked to amino acids (Fig. 3A) and proteins under physiological pH conditions. Further evidence for a requirement for reduction of the methylphenazinium by aspects of C. albicans metabolism was provided by our finding that no red pigmentation was developed when either P. aeruginosa or PMS was introduced onto lawns of heat-killed, and thus metabolically inactive, C. albicans cells (Fig. S7B) . We cannot speculate whether the partially reduced or fully antifungal properties, based on observations with the structurally similar methylphenazinium, PMS. In mixed species C. albicans-P. aeruginosa colony biofilms, 5MPCA is secreted by P. aeruginosa. This methylphenazinium is either released in its reduced form, or reduced extracellularly by bacterial or fungal factors within the metabolically active biofilm. Reduced 5MPCA enters to C. albicans cells, where it can be oxidized (dotted arrow) to generate toxic by-products such as superoxide and H2O2 (ROS). In addition, 5MPCA reacts with cellular amines within macromolecules, such as proteins, leading to the accumulation of red, fluorescent methylphenazinium derivatives within C. albicans. This modification may contribute to methylphenazinium-induced toxicity if inactivation or damage of vital cellular components occurs. As metabolic activity decreases, oxygen (O2) tension increases thereby causing more efficient redox cycling of 5MPCA itself (dotted arrow) and protein-bound 5MPCA derivatives. Oxidation of colourless, reduced 5MPCA and its reduced protein-bound derivatives (indicated by the outline font) by O2 causes the generation and accumulation of toxic levels of ROS, resulting in fungal cell death. Metabolic reducing equivalents, such as NADH, can re-reduce oxidized 5MPCA and its oxidized protein-bound derivatives (indicated by the solid font), thus closing the redox cycle. As the metabolism of biofilm cells slows or stops, the proportion of the 5MPCA derivatives in the oxidized state increases, conferring the characteristic red colour and high level fluorescence that is apparent in fungal cells from P. aeruginosa-C. albicans co-cultures. reduced form of PMS and 5MPCA is most important for C. albicans uptake and killing. However, the stability of the partially reduced semi-quinoid form of PMS (Zaugg, 1964) is likely a crucial factor in this methylphenazinium toxicity.
Our data suggest that some of the toxic properties of 5MPCA are associated with its ability to generate ROS (Figs 4, S5A and C) . In fact, our results predict that reduced 5MPCA or 5MPCA derivatives form ROS when exposed to oxygen as has been previously demonstrated for PMS (Halaka et al., 1982) . Similar redox activities have been shown to be important for the toxicity of other Pseudomonas phenazines, such as PYO, and likely play a major role in fungal killing (Hassan and Fridovich, 1980; Muller, 2002) . We show evidence that the sequestered 5MPCA that is covalently bound to intracellular soluble proteins retains its ability to be reduced intracellularly and oxidized by oxygen ( Figs 3D, S2A and B) . The intracellular reducing power within the fungal cells, such as the accumulation of NADH or NADPH, likely contributes to the redox cycling of these intracellular red methylphenazinium derivatives (Figs 3D and S2B) and thus, to the generation of ROS. Importantly, our findings also suggest that another lethal mechanism independent of ROS production could be the covalent modification of vital intracellular amine targets by 5MPCA and PMS, which may lead to protein inactivation, aggregation and damage. An indirect consequence of this cellular damage could be the generation of ROS from sources other than those involved in ROS generation caused by redox cycling of methylphenaziniums or their derivatives. Fungal death may also be directly attributable to the methylphenazinium modification of intracellular components, organelle damage or specific protein inactivation. Future work will be aimed at unveiling the mechanisms mediating this interesting killing process.
PYO, a well-studied P. aeruginosa toxin was not modified by amine-containing compounds in vitro, and we did not obtain any indication of intracellular modification in vivo (Fig. S4) . Consistent with our model that methylphenazinium modification and intracellular accumulation increased the effectiveness of these toxins, 5MPCA and PMS had greater lethal effects than PYO towards C. albicans ( Fig. S4A and Gibson et al., 2009) . Further studies will be developed to determine if 5MPCA also plays a role in P. aeruginosa infection of other species.
Our findings emphasizing a specific role for the reduced forms of 5MPCA may have implications for other aspects of phenazine biochemistry in P. aeruginosa. For instance, aeruginosins A and B (Herbert and Holliman, 1969; Holliman, 1969; Hansford et al., 1972) , two 5MPCA-derived red-soluble pigments ( Fig. S1B and C) produced in very late P. aeruginosa monocultures, may be spontaneous products of the reduced form of this methylphenazinium with ammonia. As we demonstrated for PMS-arginine, aeruginosin A is also not toxic to C. albicans (Gibson et al., 2009) . We found that when P. aeruginosa is grown on minimal medium containing high concentrations of amino acids such as arginine, large amounts of soluble red pigments were observed in the medium (data not shown). This suggests that, under the reducing conditions that prevail within mature P. aeruginosa colonies, secreted 5MPCA reacts with free aminoacids within the medium to yield red-pigmented derivatives. 5MPCA modification may contribute to the utilization of intracellular pools of PCA, and the lack of 5MPCA accumulation in the extracellular medium may be due to the kinetics of its synthesis. In vitro enzymatic studies on the late steps of PYO biosynthesis show that both PhzM and PhzS are required for the conversion of PCA to 5MPCA, suggesting that this step is unfavourable in the absence of a reaction that removes the 5MPCA product (Parsons et al., 2007) . Thus, 5MPCA may not accumulate in P. aeruginosa supernatants because of the need for its continuous conversion to PYO or to derivatives that can form extracellularly or within fungal cells. We propose that close proximity of fungal cells within the biofilm environment promotes the uptake and subsequent modification of reduced forms of 5MPCA by C. albicans potentially enhancing the rate of 5MPCA release.
In conclusion, in environments such as the lungs of cystic fibrosis patients, where P. aeruginosa and C. albicans are often found together (Chotirmall et al., 2010) , molecules such as 5MPCA may play an important role controlling fungal populations. Previous work has shown that other fungi similarly accumulate and are killed by 5MPCA (Gibson et al., 2009) , suggesting that this effective antimicrobial strategy may be broadly applicable to several fungi or even other eukaryotes. Furthermore, it remains to be determined if 5MPCA also contributes to the damage of human tissues that occurs during P. aeruginosa infections. Thus, our research highlights the importance of studying mixed-species microbial communities to identify novel microbial toxins that may not be readily extractable or stable under monoculture conditions and might play an important role in vivo.
Experimental procedures
Strains and culture conditions
The fungal and bacterial strains used in this study are described in Table S1 . Fungal strains were grown on YPD (Gibson et al., 2009) or yeast nitrogen base (Hogan et al., 2004) synthetic agar (YNBA; pH 5.5) containing YNB salts with ammonium sulphate (RPI), 2% glucose, 1.5% agar (Fisher bioReagents) and 0.2% yeast synthetic Drop-out medium supplement without tryptophan (Sigma). P. aeruginosa PA14 WT and mutant monocultures, and C. albicans-P. aeruginosa co-cultures were grown as previously described (Gibson et al., 2009 ) with minor modifications as follows. The fungal lawns were prepared by spreading 700 ml of an YPD-grown overnight C. albicans culture onto an agar plate. After 48 h, P. aeruginosa strains were spot inoculated onto lawns, and co-cultures were incubated at 30°C for the specified time. Stock solutions of 500 mM rutin hydrate (Sigma), dissolved in DMSO; 1 M PMS (Acros-organics) prepared in sterile distilled water; and 24 mM PYO (Cayman-chemicals) in ethanol were added to molten agar to the appropriate final concentrations. All assays performed with PMS were carried out in the dark.
C. albicans viability and pigmentation assays
Candida albicans from exponential phase cultures grown to an absorbance (OD600) of 3.0 (10 7 cells ml -1 ) in 5 ml YPD were spot inoculated (5-10 ml) onto plates of YNBA containing 1 mM of PMS or PYO and grown for the time specified. Where indicated, rutin (2 mM) was supplemented to the agar. The viability of yeast cells cultured with P. aeruginosa, or grown on YNBA containing PMS or PYO was assessed by taking agar core samples (Gibson et al., 2009 ) from the co-culture areas or by collecting the whole colonies formed on monoculture conditions, and suspending them in saline solution (0.85% NaCl). Each cell suspension was washed twice with saline followed by methylene blue staining as reported (Gibson et al., 2009) . Where indicated, clonogenenicity assays were also performed after each treatment. The absorbance of treated cells suspended in saline was measured followed by diluting them down to 0.1 OD600. The cell numbers were counted using a haemocytometer and then 100 cells were plated on YPD medium. After 3 days of incubation the final number of colonies was counted. To visualize the redox activity of the red-pigmented cells, 15 PMS-grown (72 h) colonies were collected and suspended in 1.5 ml of sterile saline solution and treated with either an oxidant or reducing agent.
ROS determination and oxidative stress responsive genes analysis
Intracellular ROS accumulation was examined using the fluorescent probe DCFH-DA as previously described (Deveau et al., 2010) with minor modifications as follows. C. albicans cultured on YNBA agar alone or with either 1 mM PMS or 10 mM H2O2 for 18 h were washed and suspended in saline. Two aliquots from each sample were diluted 1:5 in saline and then treated, where indicated, with fresh DCFH-DA (50 mM) for 30 min. After washing with 500 ml of phosphate saline buffer (PBS), green fluorescence was determined by flow cytometry in a BD Canto instrument using the green fluorescent protein (GFP-A) channel. When specified, the fluorescence of a cell suspension in YNB broth (0.2 OD600) treated for 1 h with or without 10 mM H2O2 was also evaluated by flow cytometry.
The induction of ROS-responsive genes was evaluated using C. albicans CAI-4 strains containing the yEGFP open reading frame fused to either CAT1, TTR1 or TRX1 promoter regions (Barelle et al., 2004; Enjalbert et al., 2007) . To generate the TTR1 and TRX1 reporter strains, we linearized pTTR1-GFP and pTRX1-GFP plasmids with StuI and integrated at the RSP1 locus in the strain CAI-4 as previously described (Barelle et al., 2004; Enjalbert et al., 2007) . The genotypes of transformants were confirmed by PCR (Barelle et al., 2004; Enjalbert et al., 2007) , and their GFP fluorescence was evaluated as previously described (Deveau et al., 2010) but with minor modifications as follows. The fungal cells were exposed to 10 mM H2O2 and after 2 h of exposure the fluorescence was evaluated by microscopy analysis. To examine the green fluorescence generated by pGFP-(a strain harbouring the promoterless yEGFP fused to the ADH1 promoter, that only express basal fluorescence levels), CAT1-, TTR1-and TRX1-strains upon exposure to PMS, we cultured them on YNBA with or without methylphenazinium (1 mM) for 18 h and measured the fluorescence levels by flow cytometry as described above.
In vitro red pigment formation and analysis
Analysis of the red pigment formed from the reactions of PMS with arginine and the redox properties of the product was done by monitoring the UV-Vis spectra of the reactions. See Supporting information section for detailed experimental procedures used for the chemical reactions to form the red derivatives with amino acids and BSA. (Mclwain, 1937; Rajagopalan and Handler, 1962; Katritzky, 1985) .
Extraction and analysis of C. albicans soluble proteins
For protein extraction, C. albicans was either grown on YNB medium with or without 1 mM PMS or co-cultured with P. aeruginosa strains previously inoculated on the top of a polycarbonate filter (25 mm, GE water & Process technologies) placed on C. albicans pre-grown lawns. Fungal cells from colonies formed on YNBA medium or from C. albicans co-cultured with P. aeruginosa were collected and suspended in saline after 96 or 48 h of incubation at 30°C respectively. Each concentrated solution was then aliquoted and diluted down to an absorbance of~30.0 (OD600) in fresh saline. After a short centrifugation time, the pellet was weighed and a specific volume (5 ml g -1 of wet weight) of CelLytic yeast buffer (Sigma) was added. Cells exposed either to PMS or 5MPCA were incubated at 30°C under constant agitation for 18 or 6 h respectively. Subsequently, the final volume of each cell suspension was adjusted to equal densities using a previously reported hypertonic buffer (Sithanandam et al., 1998) without EDTA, and then, completely disrupted with one volume 0.5 mm zilica/sirconia beads for~4 min (5 times ¥ 50 s). Cellular debris was removed by centrifugation (15 min at 16 100 g) and the supernatant was then subjected to ultracentrifugation (100 000 g for 1 h) to pellet membranes and organelles from the suspension. The soluble fraction was then treated with Benzonase Nuclease (Novagen) 50U ml -1 (5 min) to finally remove nucleic acids. Protein concentration was determined by Bradford assay following manufacturer recommendations (Bio-Rad). The redox properties and fluorescence of the proteinaceous solutions were then analysed by monitoring their UV-Vis and fluorescence emission spectra (Excitation 488 nm) using a SpectraMax M2 Antifungal effects of a P. aeruginosa phenazine toxin 1389 spectrophotometer. To test the covalent binding of the soluble proteins and methylphenaziniums, 800 mg of each red pigmented protein solution was treated with 8 M Urea (Sigma) and 6 M guanidinium chloride (Sigma) (Macheroux et al., 1998) for 1 h. Treated and untreated soluble proteins were precipitated with 30% TCA and after centrifugation, pellet pigmentation was visually compared.
Analyses of PMS and 5MPCA induced intracellular fluorescence by flow cytometry
Samples of C. albicans colonies grown on YNBA with or without PMS were collected at indicated time points and suspended in saline. After two washes with 500 ml saline solution (as described above), 5 ml of the suspension was visualized by epifluorescence microscopy as described previously (Gibson et al., 2009) . Intracellular fluorescence of 1 ¥ 10 5 cells per treatment was also analysed by flow cytometry in a BD Canto instrument using the R-phycoerythrin (PE-A) channel (excitation, 488 nm). Approximately 5 ¥ 10 4 PMS-exposed cells from each population detected by flow cytometry were sorted according to their levels of fluorescence, and suspended into sterile saline solution (final volume 1 ml) prior to survival determination. Each analysis was performed on three independent co-cultures or YNBA colonies. Viability of sorted populations exhibiting different levels of fluorescence upon PMS exposure was assessed by colony formation on YNBA. Colony-forming units were determined after 48 h of incubation. Intracellular fluorescence of C. albicans grown with P. aeruginosa for 24 h was also assessed by flow cytometry as described above. For experimental details of cell fluorescence analysis upon reduction or heat killed treatments see the Supporting information section.
Effect of reduced PMS in cell suspensions
To assess the effect of redox state on PMS-mediated killing of C. albicans, a cell suspension from a 24 h YNBA colony was diluted (~10 6 cells per ml) in 500 ml of saline solution alone (0.85% NaCl) or saline containing either 100 mM AA at pH 3.0, PMS (1 mM) or PMS plus AA. The pH of the solutions was adjusted with 10 N HCl to pH 3.0 when it was required. The experiments were conducted under these conditions since we found that PMS was undesirably converted to its fully reduced, water-insoluble form by these concentrations of AA at higher pH values or by the use of the strong reducing agent Na2S2O4 (Zaugg, 1964) . Samples were removed at each time point and cells were washed with saline solution twice prior to analyses. Colony-forming units of the collected samples were determined by serial dilutions followed by triplicate plate counts on YNBA medium at the beginning of the assay and after the specified time points.
